Egg white lysozyme killed or prevented growth of Listeria monocytogenes Scott A in several foods. Lysozyme was more active in vegetables than in animal-derived foods that we tested. For maximum activity in certain foods, EDTA was required in addition to lysozyme. Lysozyme with EDTA effectively killed inoculated populations of 104 L. monocytogenes per g in fresh corn, fresh green beans, shredded cabbage, shredded lettuce, and carrots during storage at 5°C. Control incubations without lysozyme supported growth of L. monocytogenes to 106 to 107/g. Lysozyme had less activity in animal-derived foods, including fresh pork sausage (bratwurst) and Camembert cheese. In bratwurst, lysozyme with EDTA prevented L. monocytogenes from growing for 2 to 3 weeks but did not kill significant numbers of cells and did not prevent eventual growth. The control sausages not containing lysozyme supported rapid and heavy growth, which indicated that lysozyme was bacteriostatic for 2 to 3 weeks in fresh pork sausage. We also prepared Camembert cheese containing 104 L. monocytogenes cells per g and investigated the changes during ripening in cheeses supplemented with lysozyme and EDTA. Cheeses with lysozyme by itself or together with EDTA reduced the L. monocytogenes population by -10-fold over the first 3 to 4 weeks of ripening. In the same period, the control cheese wheels without added lysozyme with and without chelator slowly started to grow and eventually reached 106 to 107 CFU/g after 55 days of ripening. In the lysozyme-containing cheeses, however, L. monocytogenes also grew after 3 to 4 weeks of curing, which indicated that lysozyme was initially bacteriostatic but later allowed growth under the experimental conditions. Assay of lysozyme showed that lysozyme was still active in Camembert; therefore, changes during ripening in the cheese or in the bacterium probably overcame the inhibitory activity of lysozyme. In conclusion, results of this study suggest that egg white lysozyme could be useful as a preservative to protect against L. monocytogenes contamination in several foods, especially those prepared from fresh vegetables.
The four major outbreaks of listeriosis that have occurred since 1981 (2, 4, 10, 19) have proven Listeria monocytogenes to be an important pathogen. The incidents that occurred in Nova Scotia in 1981, Los Angeles in 1985, and Vaud, Switzerland, in 1988 confirmed by means of epidemiological and microbiological evidence that L. monocytogenes was transmitted by particular foods (28) . In the Boston incident (4), epidemiological evidence suggested pasteurized whole milk as the vehicle, but microbiological confirmation was not obtained. These carefully investigated outbreaks have clearly demonstrated that L. monocytogenes can be transmitted in foods. In addition to these proven outbreaks, other listerioses have occurred in which epidemiological or microbiological evidence was unsatisfactory to prove food-borne transmittal (28) . One of the first well-described food-related outbreaks of listeriosis occurred in 1979 in a Boston hospital, when 20 patients developed listeriosis probably by eating raw celery, tomatoes, and lettuce (8) . Despite the lack of confirming evidence in many observed listerioses, the available data indicate that occurrence of food-borne listeriosis is increasing in several countries (28) .
Food-borne transmission of listeriosis to humans probably occurs mainly through environmental contamination because of the uncommon ability of L. monocytogenes to colonize animals and food contact surfaces from environmental sources (16, 26, 28) . L. monocytogenes is widespread in the environment and has been isolated by enrichment techniques from many sources, including sewage, vegetable matter, soil, straw, silage, dust, milk, and the feces of healthy animals and humans (3, 7, 13, 25, 27) . Although listeriosis was once believed to be mainly a zoonosis, many experts now think that it contaminates food mostly from environmental sources (28) .
Microbiological surveys of foods and food-processing plants have shown that the pathogen is thoroughly spread in the food supply and in food-processing plants (16, 26, 28) . L. monocytogenes has been isolated from raw milk (1, 5, 16) , cheeses (1, 2, 10, 16, 24, 28) , eggs (17) , vegetables (17, 28) , prepared salads (17, 22) , meat and poultry products (6, 7, 16, 19) , and seafoods (16, 28) .
In addition to its inherent contamination of many foods, L. monocytogenes seems to have an exceptional ability to colonize pasteurized or processed products and to be transmitted on-line by processing machinery, such as during slicing of meats or vegetables, filling of ice cream containers, or preparation of salads (14, 16, 28) . In a survey conducted by the U.S. Food and Drug Administration beginning in 1986, 2.5% of 357 dairy processing plants were found to have products containing L. monocytogenes (5, 16 We also tested -15 isolates from the bratwurst experiment for acid production in purple broth (Difco) containing 0.5% (wt/vol) galactose, sorbitol, mannitol, dulcitol, maltose, rhamnose, xylose, glucose, lactose, and melezitose, and we found that the pattern of acid formation was the same as for Scott A.
Food studies. Several foods were used as substrates for L. monocytogenes. In all foods, we tested four conditions: (i) control (no additions); (ii) lysozyme, 100 mg/kg; (iii) EDTA, 5 mM (except for Camembert, which had 1 mM); and (iv) lysozyme plus EDTA. In each experiment, foods were prepared and individually placed in several containers for incubation. Two containers (duplicate samples) were tested at each time point of sampling. All food samples were incubated with and without experimentally inoculated L. monocytogenes to examine for natural contamination.
Foods were qualitatively examined at the conclusions of the experiments for lysozyme activity. M. luteus dried cells (0.25 mg/ml; Sigma) were suspended in 2.9-ml portions of 0.067 M phosphate buffer (pH 6.6). Food samples were diluted 10-fold with buffer and added to the M. luteus suspension. The decrease in A540 was measured after 2 h. A marked decrease in absorbance compared with that seen in the food samples without added lysozyme indicated that lysozyme activity was present. Also, fresh lysozyme (1 to 3 ppm [1 to 3 ,ug/ml]) was tested in buffer for comparison and in foods without added lysozyme to ascertain that inhibition was not occurring. The pH of each food sample was estimated after 10 g of food was homogenized in 90 ml of distilled water.
Preparations of foods. Fresh lettuce heads from a local market were coarsely shredded and divided into 1,800-g portions. Lysozyme was dissolved in 25 ml of 67 mM phosphate buffer (pH 6.6), and EDTA (tetrasodium salt; Sigma) was dissolved in 25 ml of distilled water. The solutions were sprinkled onto the 1,800-g portions of lettuce.
The final concentrations of lysozyme and EDTA were 100 mg/kg and 5 mM, respectively. L. monocytogenes was diluted and placed in 25 ml of 67 mM phosphate buffer at a Fresh green cabbage obtained from a local market was processed as described above for lettuce. Duplicate containers were sampled after 0, 3, 7, 12, 20, 27, 34, 41, and 48 days.
Fresh ears of sweet corn were obtained at a local market, and kernels were removed. Procedures for lysozyme, EDTA, and L. monocytogenes additions and samplings were as described above for lettuce. Samples were taken after 0, 2, 4, 9, 11, and 15 days.
Fresh green beans were obtained from a local market and were snapped by hand into pieces 1 to 1.5 in. (ca. 2.5 to 3.8 cm) long. Other procedures were as described above for lettuce. Samples were taken after 0, 2, 5, 7, 9, and 15 days.
Fresh carrots were processed as described for fresh lettuce except that an inoculum of 103 CFU of L. monocytogenes per g was used. Samples were taken on days 0, 2, 5, 9, and 16.
Frozen corn and frozen green beans were treated as described above. Corn samples were taken on days 0, 2, 4, 7, and 10; green beans were sampled after 0, 4, 7, and 11 days.
For bratwurst samples, coarsely ground frozen pork trim (25 to 30% fat) was (28) , two resulted from contamination of soft-ripened cheeses (2, 10) and one was attributed to coleslaw contaminated with infected cabbage (19) . We first examined the activity of lysozyme in several vegetables, including cabbage.
L. monocytogenes grew well in shredded cabbage (Fig. 1) and later declined, whereas growth in the incubations with lysozyme and EDTA declined throughout the experiment. Bacteria in the treatments containing EDTA alone grew well and paralleled numbers in the control for 30 days, after which the population rapidly dropped. The unusual growth patterns of L. monocytogenes in cabbage containing EDTA were often seen in other foods as well (see below).
The loss in viability of L. monocytogenes in cabbage in the presence of lysozyme was not due to changes in pH, since all four incubation conditions gave approximately the same pH profiles. The initial pH of the cabbage medium was 4.8, which increased to 6.6 to 6.8 after 7 days and remained at this pH until 20 days of incubation. The pHs then dropped to 4.3 to 4.9 in the samples containing lysozyme, whereas the controls had final pHs of 5.8 to 5.85 after 40 days. The samples supplemented with EDTA alone had pHs ranging from 5.0 to 5.5 after 40 days. The unusual changes in pH may have been caused by changes mediated by L. monocytogenes and other bacterial flora in the refrigerated conditions, in which lactic acid fermentation may have been suppressed. Visible changes of the cabbage, including browning and softening, were noticed after 1 to 2 weeks.
The incubations with lettuce ( Fig. 2) Lysozyme with EDTA was bactericidal in snapped green beans; after 1 week, a decrease of -100-fold was observed (Fig. 3) . In the other experimental variations growth occurred, although lysozyme slowed growth considerably compared with results for the control or EDTA incubations (Fig. 3 ). It appears that lysozyme with or without EDTA was less effective in green beans than in cabbage or lettuce. The initial pHs of the green beans varied from 5.94 to 6.07, and the final pHs of the different samples changed by less than 0.4 pH units. Possibly, the absence of pH stress during incubation supported survival of L. monocytogenes. Alternatively, since the green beans were snapped into fairly large pieces, it is possible that lysozyme did not rapidly penetrate to the interior and L. monocytogenes could colonize the center and grow in isolation.
Treatment of fresh corn kernels with lysozyme with and without EDTA resulted in a pattern of L. monocytogenes survival similar to that described above for green beans. The decline rates were much slower than on lettuce and cabbage, but it was still evident that lysozyme plus EDTA was listericidal whereas lysozyme alone was listeristatic (Fig. 4) . In contrast, L. monocytogenes in the negative controls without any additions and the incubations containing EDTA alone grew to 1.0 x 107 and 1.8 x 105, respectively, after 9 days. Initial pHs of the fresh corn samples varied from 6.6 to 6.7 and did not change through day 9, but dropped to 4.5 to 5.0 after 15 other fresh vegetables tested, lysozyme had a negative effect on L. monocytogenes growth in fresh corn. The slower rates of decline could have resulted from differences in food composition, such as the presence of high concentrations of carbohydrates, which could promote growth.
In fresh shredded carrots, incubation of lysozyme with and without EDTA and L. monocytogenes resulted in unusual responses of growth and killing (Fig. 5) . In this experiment, L. monocytogenes was used at lower initial levels (-1,000 colonies per g). Lysozyme alone or with EDTA very rapidly killed L. monocytogenes in the carrot medium (Fig. 5) . Bacteria in the control with no additions initially grew for approximately two doublings, and then detectable numbers also fell to zero after day 9. In contrast, EDTA initially supported a large increase in viable cell counts, which then rapidly declined after day 9. These results suggest that there may be factors in carrots, perhaps limiting metal ions or listericidal factors, that encourage the activity of lysozyme against L. monocytogenes. The pHs of the carrot samples were initially 6.2 to 6.4; these dropped steadily to 4.1 to 4.4 after 9 days. The change in pH did not appear to influence L. monocytogenes survival.
Overall, lysozyme was very effective in killing L. monocytogenes in most fresh vegetable products. During the winter, we also tested frozen commercial green beans and corn; in both cases, lysozyme did not kill the inoculated L. monocytogenes, although it did (in combination with EDTA) prevent growth (data not shown). We noticed that with the frozen green beans, but not with the corn, the pH of the frozen product dropped much faster than it did with fresh green beans, perhaps because of more rapid growth by acid formers. The reasons that lysozyme was not effective in thawed frozen products is not known, but they may be related to inactivation of enhancing factors during processing of the fresh vegetables.
Activity of lysozyme in fresh sausages. We next examined the effectiveness of lysozyme against L. monocytogenes in bratwurst, which is a fresh meat sausage common in Wisconsin. Initial counts of L. monocytogenes in the sausages were 4 x 103 CFU/g. We found that the incubations containing lysozyme alone did not affect growth significantly compared with the negative control without lysozyme (Fig. 6 ). Both incubations grew to _-107 CFU/g in 1 to 2 weeks. The sausages containing EDTA alone were listeristatic for 2 weeks, after which L. monocytogenes grew to very high numbers. The most effective variation that inhibited L. monocytogenes was the combination of lysozyme and EDTA. When these two substances were included together, initial numbers fell from 3.9 x 103 to 1.4 x 103 after 9 Figure  7 shows the results of including lysozyme with and without EDTA in the cheeses. The control cheeses harboring L. monocytogenes but not lysozyme or EDTA initially showed a slight decline in numbers during the first 3 weeks of curing, but thereafter L. monocytogenes grew steadily and reached 5 x 106 CFU/g after 55 days. After the 55-day sampling, detection in several of the experimental variations gave sporadic numbers from sample to sample, perhaps because of nonuniform spatial distribution of L. monocytogenes in the cheeses.
The cheeses containing L. monocytogenes and lysozyme also exhibited an initial decline that continued until the 31-day sampling. The initial numbers were 3.3 x 104CFU/g, which dropped to 4. It is evident that numbers of L. monocytogenes varied considerably after 30 to 40 days of aging in the cheeses containing lysozyme with or without EDTA but not in the control. Soft-ripened cheese is a complex substrate, and more work is necessary to evaluate the effectiveness of lysozyme. DISCUSSION An important contributing factor for the control of L. monocytogenes in foods is the absence of technologies to thoroughly and permanently eliminate the pathogen from the processing plant environment (26, 28) . The pathogen tenaciously contaminates processing plants despite extensive efforts to eliminate it through vigorous sanitation. Postprocessing contamination is an important factor in transmission of the pathogen to foods and is currently thought to be the major route of contamination (14, 16, 26, 28 The interaction of lysozyme with chelators needs more extensive study. The mechanism(s) by which they interact is not presently understood. There are at least two possibilities for the enhancing effect of a chelator: (i) it may slow growth by binding an important metal necessary for growth (e.g., iron [23] ), thus allowing lysozyme to digest the cell wall faster than it can be synthesized, or (ii) it may disrupt the cell wall structure and enable better attack by lysozyme. Perraudin and Prieels (15) Although lysozyme has been suggested to have many roles as a preservative (see reference 17 for review), it is currently used mainly in certain European cheeses to prevent blowing by sporeformers (17) . Our previous findings that egg white lysozyme is highly effective against L. monocytogenes and some other pathogens (9) , and the results presented here, showing that it is active in several foods, suggest that further applications can be found. Because lysozymes occur naturally in humans, and since egg white lysozyme is destroyed in the human stomach and during cooking of foods, it is likely that lysozyme could serve as a safe and widely used food preservative to protect against L. monocytogenes contamination.
